Natural resource management will continue to be increasingly important in the face of impending climate change and population growth, respectively, impacting supply-side and demand-side constraints. Water resources, the subject of this paper, require sustainable management to provide drinking water for society, habitat and ecological water for the environment, and a myriad of industrial water uses, including agriculture, power generation, and manufacturing. In addition to technologies that increase water supply or reduce demand, the effective management of data, specific to water resources, will be crucial in the immediate and long-term future. With diverse water data generators, collectors, synthesizers, users, and policymakers, an integrated system of water data management has potential to ensure sustainable water resource management. To bring this potential to fruition, this work synthesizes published recommendations, as well as those of water experts, and best practices from examples of water data management to provide a preliminary assessment for larger ongoing efforts to improve data for water decision-making in California. Stakeholder collaboration, data standardization, increased data collection, and data transparency and accessibility are among the most common and most important recommendations for sustainably developing and managing an integrated water data management system.
Introduction
Decisions regarding natural resource management are bound by many constraints. Water resource management in particular affects a variety of stakeholders, both human and non-human, and therefore is influenced by the needs and priorities of competing voices. More than simply balancing supply and demand, effective water management decisions must take into account the severity of insufficient action or inaction, and consider the quality as well as quantity of available water sources. Therefore, water management strategies are often regionally specific, yet may take inspiration from similar sites around the world.
One common requirement for all water management decisions is the availability of sufficient information. Regardless of water source, climate, natural infrastructure, type of water uses, or population, decision-makers rely on data to make the most informed choices for water management. However, copious amounts of data are useless if they are unable to be found and interpreted by those who wish to utilize them, thereby making water data management a crucial component of water resource management. Sato et al. (2013) found that of 181 countries surveyed (representing 92% of countries on Earth), about one-third collected and curated data for the generation, treatment, and use of wastewater, while another third had data on one or two of those three components, and the final third had no data on wastewater whatsoever. Of the data available, only 37% of it was recent (within five years preceding the publication of the article). While wastewater is only one element of water resource management, this finding illustrates that the availability of sufficient water data is not a foregone conclusion; on the contrary, it is a luxury that not even some of the most developed countries can claim.
Water data management is a global issue, one that can conceivably span political borders and be a source of collaboration (or dissention) among entities whose water resource management decisions are interdependent. This work focuses on California (CA), USA, as a case study for water data management, inspired by recent legislation AB-1755, The Open and Transparent Water Data Act (2016).
AB-1755 mandates that the CA Department of Water Resources (DWR) creates, operates, and maintains a statewide water data platform. The platform will integrate existing water and ecological data from multiple databases and provide data on completed water transfers and exchanges, and is required to be operational by September 2019. AB-1755 also calls for protocols for data sharing, documentation, quality control, public access, and promotion of open-source platforms, as well as decision support tools related to water data. These protocols and tools are intended to help decision-makers find and utilize water data, and identify data gaps more easily. DWR is required to conduct these activities in consultation with the CA State Water Resources Control Board (SWRCB), the CA Water Quality Monitoring Council (CWQMC) , and the Department of Fish and Wildlife (DFW) (CA Assembly, 2016) . The bill is primarily focused on improving how water data are published and accessed, in addition to providing some support for how data are collected, verified, and interpreted, and represents state-level recognition of the importance of data for decision-making in water policy.
With the sixth largest economy in the world, the most populated state in the country, and a high level of geographical diversity, California's prosperity is intrinsically tied to water (US Census, 2011; CA DOF, 2017) . Between 120 and 370 trillion cubic meters (100-300 million acre feet) of water is moved in California annually for the agricultural demands of irrigation, the sustenance of human activity, and the necessary environmental flows for countless ecosystems (CA DWR, 2013). On average, 40% of this water is used by agriculture, 10% by urban centers, and 50% by the environment, although these proportions vary drastically owing to the state's high geographic variability (Mount & Hanak, 2016) .
This heavy reliance on water infrastructures among a diversity of stakeholders with unique priorities can create significant and unique policy challenges for California. Over the past five years of drought, these challenges have been brought to the forefront of the water policy arena. With rivers and wetlands reaching dangerously low levels, many agricultural fields fallowed, and some Central Valley communities without access to any drinking water, the state has had to react quickly to avoid crisis (EDF, 2016) .
This type of water stress in California is only expected to increase throughout the 21st century with the impacts of climate change and population growth. Therefore, being able to respond quickly, effectively, and efficiently is a priority for state water policy. This has forced the State of California to recently review its water information and data management practices, and many water experts have previously called for changes and updates to state water data systems.
Reasons for the lack of useful water data, both in California and around the world, are plenty. Although rarely is there a complete lack of information regarding water quality, data recorded by different entities are often recorded differently, rendering them incomparable or incompatible. The same holds true for water availability, transfers among water rights holders, and environmental data (Grantham & Viers, 2014) . For example, some data collection is automated, and the sheer volume of transmitted data and its format can be cumbersome to compare to manually recorded measurements. Temporally and geographically distributed data provide additional layers of complexity that can be useful, but have to be accounted for when managing and using such data. With so much data being recorded by such disparate collectors and contexts all across California, rendering data useful requires a robust framework and management plan that carefully considers who requires data for decision-making, and what data and format are needed to accomplish this.
In response to these challenges and the passage of AB-1755, a 'Data for Water Decision-Making' initiative has been launched and led by UC Water, DWR, and the California Council on Science and Technology (CCST). This systematic evaluation of previously published recommendations for water data management was performed as a preliminary step to identifying and implementing major policy recommendations. The following results provide a snapshot of the ongoing larger and more systemic work to improve data-driven decision-making for California's water. While the focus of this case study was California, these recommendations are translational across various entities, including subnational (e.g., CA), national, and international water systems.
Methodological approach
In order to identify and validate the most common and agreed-upon priorities for California's future water data management efforts, a three-pronged approach was employed in this study: (1) a literature review of recent published recommendations for water data management; (2) an assessment of best practices from past water data management strategies, both within California and in other geographic contexts; and (3) informal interviews of California water data stakeholders and experts. Additional details about these three methods are described below. In brief, the literature review and assessment of best practices were conducted in parallel. The set of generalized common recommendations, which were identified from recent literature, was used to characterize key features of past water data management strategies. Based on the combination of the most common recommendations from literature and prevalence in observed best practices from past water data management efforts, a subset of key recommendations was synthesized and used to inform the stakeholder interviews. After aggregating responses to the informal interview questions, the final set of shared key recommendations for water data management was generated.
Literature review
Various, diverse stakeholders across California have inherently different needs in regards to water, which results in different recommendations for how best to manage water data. These recommendations have been published in the form of academic journal articles, white papers, policy briefs, and conference or other event proceedings. In order to identify common ground and priority actions for water data management in California, 13 publications from a variety of stakeholder groups in the last decade (since 2006) were reviewed. These publications were chosen based on a combination of online searches and recommendations from California water data and policy experts. To the authors' knowledge, this analysis includes a nearly comprehensive sample of the most highly cited and well-known resources pertaining to California water data management recommendations at the time of preparation. Of the resources evaluated, authors and organizers included local, state, and federal agencies, non-profits/non-governmental organizations (NGOs), and research institutions, representing a combination of water data generators, regulators, and users. Documents were evaluated via several criteria, including the following:
• Author organization and sector (academic, nonprofit, governmental, etc.) • Intended audience
The results of the literature review are summarized in Table 1 .
Best practices within and beyond California
While California currently lacks a comprehensive water data management program, water data are collected, synthesized, and displayed by various organizations, for various purposes, and in various ways. This work also considers best practices and lessons learned from previous water data management projects. Within the state of California, data management efforts have previously been initiated by water-focused academic, state agency, and federal organizations with widely varying levels of success. We also consider the best practices from three unique established water data management systems that operate at the statewide, national, and international level. Each example of water data management was characterized by the following:
• Directing organization and location
These water data management examples are summarized in Table 2 . Selection of notable features was informed by the recommendations identified during the literature review process, with an emphasis on recommendations that appeared in more than one report or publication.
Synthesis
From this collection of recommendations and examples of water data management, 11 themes were identified as being notable in multiple publications or data management systems. These themes are outlined in Table 3 , along with a visual representation of the number of times that each one appears in our (Figure 1 ). Based on the distribution of themes, a subset of key recommendations for sustainable water data management in California was identified and used to inform informal interviews that followed. Recommendations that were explicitly mentioned in more than three unique publications and were present as key features of success in previous water data management efforts were included. These key recommendations are detailed in the following Results and discussion section.
Informal interviews
In order to validate the range of publications considered and key recommendations identified, a series of semi-structured interviews were conducted with several California water experts (Table 4) . Interviewees were selected based on authorship or involvement in previously published recommendations and/ or water data management efforts within the state, and are intended to represent the range of stakeholder groups involved in California water data management (including state government, academic institutions, and non-governmental organizations). The repository of documents was made available to subjects of the informational interviews for their reference, and to solicit recommendations for supplementary materials to be considered. The interview questions that provided the basis for the discussions included:
• 'Are there clear discrepancies between what has been recommended for water data management and what has been put into action? Why do you think that is?'
• 'Over the course of your career, have you observed any trends or changes in water and water data management?'
• 'In an ideal world, what would be your vision of a perfect water data management system in California?'
The results of these interviews were incorporated into the following conclusions of this work. 
Results and discussion
Recommendations for better water data management in California over the past decade came from within the California state government, non-governmental organizations, academic institutions, and national labs, as shown in Table 1 . For those that explicitly mentioned a motivation for their report, reasons could be summarized by five major themes: (1) the California drought, including how it impacts or is impacted by population growth; (2) environmental concerns related to climate change and urban sprawl; (3) the symbiotic and conflicting interactions of water and energy resources throughout the state; (4) in response to the Sustainable Groundwater Management Act (SGMA); and (5) in response to the Governor's California Water Action Plan (WAP). These motivations are also summarized in Table 1 and highlight a notable emphasis on macro-scale data among these publications. While improved water data management will ultimately be useful at all scales, from individual water use to hydrologic water cycles, one emergent theme from recent publications and interviews with select experts was a focus on large-scale water data in California. Therefore, these results largely refer to a subset of all water data that seems to be the primary focus of current water data experts and policy change within the state, rather than comprehensively addressing every aspect of water data.
Key recommendations
The methodological approach of synthesizing advice for water data management resulted in four specific recommendations identified as the most commonly suggested and most applicable to governmental policy:
1. Increased collaboration and data sharing between data users and generators 2. Standardization of metrics used in ambient water, water supply, and wastewater industries 3. Greater investment in data collection and water monitoring systems 4. Data curation that is accessible and transparent.
Increased collaboration and data sharing between data users and generators. Stakeholder collaboration was explicitly called for by multiple state-level organizations and research institutions, including DWR, CA Surface Water Ambient Monitoring Program, the CA Water Action Plan, and Lawrence Berkeley National Laboratory/Lawrence Livermore National Laboratory. An efficient water data management system will require a comprehensive set of statewide data from various agencies. Thus, cooperation between these groups is necessary to identify overlapping efforts and shared goals, and will ensure that future monitoring and initiatives are most efficient. Greg Smith of DWR pointed out the need to start with collaboration in order to identify and utilize data systems that already exist and are effective. DWR's Strategic Vision and Framework for Integrated Water Management Data and Tools (2012) recommends efficient cooperation by establishing watershed-based water budgets, rather than using political boundaries. This is similar to the approach taken by the European Union when developing river basin management plans to implement the Water Framework Directive (WFD) (Grizzetti et al., 2016) . As part of the WFD, managing one of the largest aquifers in southern Europe, the Mancha Oriental Aquifer, requires that governments, private stakeholders, and other social actors share correct and credible data among themselves in order to facilitate meaningful engagement by all (Sanz et al., 2016) . Much of Europe's international policies were based on best practices from French water laws in 1964 and 1992, which mandated that states create water policy in partnership with local stakeholders, including industrial businesses, large regional developers, farmers, water suppliers, fishermen, and environmental organizations. As recently as 2016, France continued to systematize water management by establishing the multi-institutional French Biodiversity Agency, which manages the national information system on water and all water resources monitoring data. This concept translates to the whole of the European Union within the Water Governance Initiative, which tangibly demonstrates the support for collaborative water policymaking, as it is an association specifically dedicated to 'effective, efficient and inclusive water policies in a shared responsibility with the broader range of stakeholders' (Colon et al., 2017) . As Europe has shown, intentionally creating opportunities for stakeholders to come together throughout the decision-making process can provide a venue for local, regional, and state level data users to ask and answer questions, ultimately building capacity and necessary trust for water data management.
Standardization of metrics used in ambient water, water supply, and wastewater industries. Policy, academic, and state organizations such as PPIC, University of California (UC), and DWR have recognized the importance of standardization of data collection and reporting in successfully managing water resources in the future. The results of a workshop held in Davis, California, Establishing a Cloud-based Water and Energy Data Platform, identified data standardization as the main challenge to establishing comprehensive water data management (UC Davis, 2016) . This is because water data can be highly variable in pattern, size, units, terminology, and organization structure. In addition, the non-technical aspects of water data integration are often the most neglected. For example, Mark Cowin, director of DWR, noted as a panelist in the California Groundwater Briefing forum, that the most pressing needs for sustainable groundwater management are human and organizational in nature (Stanford, 2016) . Even when all necessary technical information exists, data remain useless to water management if not efficiently translatable between fields and users. Dr Jay Lund, Director of the UC Davis Center for Watershed Sciences, reiterated that any common statewide framework would need the capability to sync with existing and future data systems. CCST (2014) takes this a step further in Achieving a Sustainable California Water Future through Innovations in Science and Technology by recommending integration of future water, energy, and land-use planning.
One way that this has been previously addressed for hydrologic data at the national level is through a foundational quality management framework for water data, such as the one created and employed by the US Geological Service (USGS). Through periodic publication of updated data collection techniques, usage of data quality ratings, and providing raw data in addition to standardized data sets, USGS has been able to set a world precedent for effective data aggregation and presentation. While the USGS hydrologic standards provide an example of the importance of comprehensive data comparability in the utilization and reputation of water data sources (Larson et al., 2016) , California will face the additional challenge of incorporating more dispersed and autonomous water data sources. In order to achieve successful standardization in California, several recommendations do indeed include the specific need to establish and enforce a protocol or framework for collecting compatible data.
Greater investment in data collection and water monitoring systems. Many organizations that take a statewide perspective on water data management identified the need for additional water data to be collected in order to effectively manage water resources, including PPIC, DWR, CCST, and the University of California. Specifically, California has yet to capitalize on the 'big data' field, along with other new technologies, such as land-and remote-sensing to create opportunities for accurate data collection (DWR, 2012) . The California Water Action Plan (2014) points out that increasing the amount of high quality water data available will ultimately enable better modeling and predictive research to be done, which can enhance California's water future. However, as Dr Steve Weisberg of the Southern California Coastal Water Research Project said, identifying true water data gaps is a necessary first step to ensure that investments are not made in data just for data's sake.
Investment in data collection can result in improved water-use efficiency, integrated statewide resource management, data-driven decision-making, and the ability to meet new regulatory needs (i.e., SGMA, surface water management, and water rights accounting), as exemplified by Australia's commitment to the National Water Initiative in response to their 'Millennium drought' in 2004 (Baldwin et al., 2012; ANWC, 2014) . In contrast, Garcia (2008) found that the need for large amounts of reliable, regional data and predictive models was a major hurdle for water management practitioners to overcome in several Latin American countries that attempted to implement integrated water resources management. With the involvement of strong leadership groups, like the Inter-American Development Bank, overcoming these challenges was logistically feasible. However, financial investments to enhance data collection capacity and translate results into action at the local level were lacking and proved to be prohibitive for most stakeholders to perceive any benefits. Within North America, similar barriers exist to expanding the potential benefits of modern data management to multiple levels of the water system. Data curation that is accessible and transparent. From a variety of stakeholder perspectives, transparency and accessibility are essential throughout the development of plans to improve California's water data management. Specifically, the University of California, the Delta Stewardship Council, and DWR all argued that enabling accessibility and transparency should be a priority, allowing stakeholder collaboration to be encouraged, litigation and misinformation to be avoided, and decision-making to be simplified. Further, Naik & Glickfeld (2017) found that transparency and verifiability were essential elements in the implementation of a successful water data management system in southern California. Following the Environmental Data Summit, convened by the Delta Stewardship Council's Delta Science Program, a final report (2015) cited the massive amount of inaccessible environmental water data in California as an example of this need. One option to achieve this goal, as referenced by institutions like the Delta Stewardship Council (2015) and the University of California, Davis (2016) , is the creation of a single, user-friendly platform for housing and accessing California water data. DWR's Gary Darling highlighted the need for any future data management infrastructure to enable users to address real world problems, in addition to the technical and scientific data accessibility priorities.
Previous statewide water data management efforts like the California Integrated Water Quality System (CIWQS) have faced major challenges due to insufficient resources to address challenges such as the poor user interface, data compatibility, and perceived integrity of its data. The resulting obsolescence of this potential water data management resource exemplifies the importance of accessibility and transparency (SCCWRP, 2007) . Once again, the example of Latin America shows that this challenge is not unique to California. The 2006 Global Water Partnership's survey of integrated water management strategy implementation in 95 countries found significant progress in water management policy implementation among Latin American countries, but this did not necessarily translate to operational benefits for water data generators or users. In several cases, barriers such as perceived bias of the implementation agencies, discrepancies in interpretation of water data, and lack of clarity among the onthe-ground resource managers were cited as major difficulties (Garcia, 2008) . Considering and overcoming socio-political hurdles requires significant time and economic investment, but has been shown to be an essential component to translating technical progress in water data management to operational success.
Remaining questions
After identifying common or shared recommendations among water data generators, regulators, and users, the next step is to consider the potential mechanisms for implementing these priorities. However, there were many discrepancies in motivation and perspectives on water data management among the publications that were analyzed and among the opinions of the stakeholders that were interviewed. These differences are not simple to succinctly and accurately put in words, but they are a notable outcome of this analysis. Therefore, we summarize these potential challenges as a list of questions that should be answered before making future decisions about water data management and/or policy.
Who are the end users of water data? End users should be the first and foremost consideration in conversations regarding data accessibility. Users may include water policymakers, resource managers, the public, and more.
What form should stakeholder collaboration take, and who should be included? Collaboration can occur through workshops or forums, creation of a coalition or neutral liaison to act as coordinator, or a written agreement or understanding between stakeholders. Collaboration should include continued open communication. Data users and generators at every level should be represented, but an efficient approach may be to start with the largest data users and contributors.
Who should decide the standardized metrics and protocols for data management? While the stakeholder collaboration process should help inform the answer to this question, a neutral facilitator may lead the identification of the most common current collection and reporting practices, while also ensuring that the data are easily accessible by a variety of users.
Which technologies are optimal for homogenizing and comparing water data? Big data management platforms have the ability to translate numbers, units, and terminology, in addition to alleviating the burden of changing practices at the data generation level. Data management tools, such as those being developed within the US Department of Energy (Environmental System Science Community Cyberinfrastructure), are facing challenges of 'ingestion, curation, archiving, long-term preservation, and publication' (Goldstein et al., 2007) . Other modern technologies can automatically create accuracy and precision thresholds to differentiate data reporting quality. Regardless of the technology, it will be important to maintain the context of each data set during standardization and translation.
Which water sectors have the greatest need for more monitoring and data collection? Groundwater, surface water, water rights, environmental water, and flood-vulnerable areas are some examples of areas mentioned throughout this analysis. However, data collection and monitoring priorities may ultimately be determined by system vulnerability and largest current inefficiencies or unknowns in California's water system.
Additional water data should be collected by whom, and for whom? A state-level investment of resources may be required for maximum improvement of water data collection and monitoring, which can be for the benefit of and use by water managers, users, policymakers, as well as the public.
How can water data security be ensured for data contributors? To create necessary trust, facilitate effective collaboration, and manage uncertainties in data reporting and usage, water data security must be integrated from the beginning of the decision-making process. Answering this question requires consideration of proprietary data. For example, the California State Water Plan (2013 Update) recommends a written agreement between data-sharing institutions that contributes to understanding at local, regional, and state levels as one mechanism for establishing boundaries and mutual expectations, and that can help identify opportunities for building trust between relevant parties.
Conclusions
Through compilation and comparison of recent recommendations made by diverse stakeholders in California's growing water data management infrastructure, this study has identified several key aspects of water data management that should be prioritized. Further, we have demonstrated that there are tangible examples of success and failure in water data management, which can be utilized. By ensuring that water data in California is managed collaboratively, commonly, reliably, and transparently, modern data management technology can significantly contribute to water sustainability and resilience in the face of challenges posed by climate change and population growth throughout the state.
While the resulting primary recommendations are not surprising, it is useful to be able to present the priorities in a semi-quantitative way to inform ongoing larger projects that are a part of 'Data for Water Decision-Making'. These common recommendations by diverse stakeholder entities can also elucidate opportunities for common ground and collaboration in the future. Importantly, it enables us to define and begin the process of answering the necessary questions to accomplish these priorities. The technology for efficiently managing natural resource data is sufficiently in place, and proven benefits are evident. However, the political feasibility of a comprehensive water data management system in the state of California has been lacking. Given the recent passage of the Open and Transparent Water Data Act and movement to facilitate conversations about this subject among stakeholders, the results of this work are timely in informing policy implementation. While data management remains a salient issue in water policymaking in California, the key recommendations outlined in this article will be important for both establishing and maintaining a sustainable system.
